Tunnelling measurements in thin film superconducting junctions involving cuprates (like YBa 2 Cu 3 O 7 or La 2-x Ce x CuO 4-y ) are emerging as a unique tool of investigation. Thus, looking into tunnelling of Cooper pairs (the current that flows with no resistance) or quasiparticles in specially designed junctions is the most reliable method to investigate the symmetry of the superconducting order parameter in cuprates. This is crucial to establish a pairing mechanism for the electrons, i.e., the formation of Cooper pairs in these materials -one of the most important unsolved problems in modern solid state physics. Then, a detailed investigation of both dc and ac tunnelling of Cooper pairs in these junctions is essential to determine the current-phase relation (the relation between the current and the phase of the superconducting condensate). This represents a key element required in many applications like low-dissipative superconducting electronics or superconducting qubits in quantum computation. Also, tunnelling of quasiparticles in these junctions represent an accurate new method to determine the second critical field of cuprates. Here an overview on all these fundamental and applied aspects of this interesting class of nano materials will be given.
Introduction
Understanding the mechanism responsible for superconductivity in unconventional superconductors, in particular in the high transition temperature superconductors (HTS), i.e., the cuprates discovered in 1986 [1] has been one of the major goals of condensed-matter physicists. What we do know about these materials is that the mechanism for superconductivity is fundamentally different than for conventional BCS [2] superconductors. Essential to the successful development of a microscopic theory for unconventional superconductors is the knowledge of the symmetry of the superconducting order parameter (SOP) or condensate wave function that describes the pairing of electrons in the superconductive state. By unconventional, we mean a state with an SOP that has a symmetry in momentum space different from that of the isotropic s-wave Cooper pair state that is believed to describe the conventional superconductors. Much of the recent attention has been focused on particular states with d x 2 -y 2 (d)-wave [3] , d xy -wave, p-wave symmetry and also imaginary combinations like s+id, d+i d xy [4] all being highly anisotropic and characterized by a sign change in the SOP. These types of symmetry are implied by a number of possible superconducting pairing mechanisms, particularly those involving magnetic interactions that are known to be important in the cuprates.
Whereas for hole doped cuprates the d-wave symmetry has been established, for electron doped cuprates R 2-x Ce x CuO 4 (RCCO with R = La, Nd, Pr, Sm Eu) where carriers are predominantly electrons the issue remains controversial. Another important issue is the determination of the SOP in other recently discovered presumably unconventional superconductors. One example is the natural superconductor/ferromagnet hybride RuSr 2 GdCu 2 O 8 , an exotic superconductor exhibiting the coexistence of superconductivity and ferromagnetism. The search for unconventional superconductivity received a significant boost from recent phase-sensitive experiments [5] that established pwave symmetry in the Sr 2 RuO 4 compound. In addition there is strong evidence that plutonium compound PuCoGa 5 [6] as well as heavy fermions CeRhIn 5 [7] are also unconventional superconductors. Thus, unconventional superconductivity appears to be a much more wide spread phenomenon among superconductors having very different crystal structure, as well as, chemical and physical properties, as previously believed. It should therefore not any more be exclusively related to the CuO planes that characterizes the structure of cuprates, but, to a somewhat more general common feature of various superconductors that has to be identified and understood. That appears to be one of the most challenging unsolved problems in condensed matter physics.
In this paper, I will review some of the most recent developments in the field of unconventional superconductivity in cuprates. Several topics will be covered: section 2: the SOP in electron doped cuprates; section 3: the current-phase relation in hole doped cuprate junctions; section 4: the upper critical field in electron doped cuprates, i.e., the value of the applied external magnetic field that completely suppresses superconductivity.
anomalies in the electric transport measurements of superconducting interferometers. The basic concept of such experiments is to create an interferometer consisting of a closed superconducting ring incorporating two Josephson junctions connected in parallel. The interferometer is specially designed to probe the phase of the pair wave function in specific directions of interest. To test the pairing symmetry of the SOP of an electron doped cuprate, namely, the La 2-x Ce x CuO 4-y , in [8] , such an interferometer has been fabricated and its electric transport properties have been measured. In particular, the Josephson junction critical current I c as a function of a magnetic field B applied perpendicular to the planar thin film interferometers (see Fig. 1 ) has been measured. I c is defined as the maximum value of the supercurrent in a Josephson junction, i.e., the maximum current that flows with no resistance. The interferometers were constructed as follow. A 0.5 µm thick c-axis oriented La 2- x Ce x CuO 4-y thin film was epitaxially grown on a tetracrystal SrTiO 3 substrate by molecular-beam epitaxy. The film was near optimal doping with x = 0.105 and a critical temperature of about T c = 29 K. The tetracrystal SrTiO 3 substrate contains three identical 30 0 [001] tilt symmetric grain boundaries (denoted by 1, 2, and 3 in Fig. 1(a) ) that make an angle of 120 0 with respect to each other. Grain boundary 3 is not optically visible so that it has been represented by red dotted line in Fig. 1(a) . Subsequently the film was patterned by standard photolithography and Ar ion milling to form three interferometers photographed in Fig. 1(a) . All three interferometers have two junctions of identical width 500 µm and a rectangular hole of width 160 µm and height 300 µm. The hole of the central interferometer contains the "tetracrystal point". The junctions of this interferometer are located at the grain boundaries labelled as "1" and "2". In the measurements the interferometers are biased with a dc current I and the dc voltage U across the two junctions is recorded. The current has been swept from 0 up to a maximum positive value of about 10 µA, then back to 0, then down to a minimum negative value of about -10 µA, and finally back up to 0 again. A family of several hundreds such I(U) sweeps each recorded for different B values between -0.8 µT and 0.8 µT were then used to extract the I c (B) characteristic. An anomalous I c (B) pattern with a central minimum has been measured for the central interferometer, called π-design. This highly unusual result is in high contrast with a Fraunhoffer-like pattern, i.e., an I c (B) curve with a central maximum, that has been obtained for the other two interferometers that are conventional (i.e., they contain no π-junctions). Such a difference can only be explained if assuming that the superconducting order parameter in the optimally doped La 2-x Ce x CuO 4-y has a predominantly d-wave symmetry schematically represented in Fig. 1 (a) with red and white lobes. Another important implication of such an anomalous I c (B) is that the interferometer measured consists of a socalled π-junction (i.e., a junction with a negative critical current I c ) connected in parallel to a conventional junction (i.e., a junction with a positive critical current I c ). Such π-junctions are ideal for implementation of complementary low dissipative superconducting digital electronics [9] . 
Current-phase relation of thin film cuprate Josephson junctions
Josephson junctions formed between two superconductors of which at least one is an unconventional one, or so called, a d-wave superconductor are very attractive candidates for the implementation of superconducting qubits in quantum computation [10] or π-junctions in Josephson (low-dissipative) digital circuits [9] . In addition, arrays of such d-wave junctions are of interest as model systems for studying magnetic phenomena-including frustration effects-in Ising antiferromagnets [11] . Moreover, d-wave junctions are among the most reliable tools to investigate the unconventional SOP in these materials [3] . The physics of d-wave junctions, however, is not fully understood. A key element, namely the knowledge of the current-phase relation (CPR) of the Josephson current remains unsettled [12] . It has been predicted [13] [14] [15] [16] [17] that zero-energy Andreev states (ZES) formed at the d-wave junctions interface are expected to induce a second harmonic Josephson current J 2 in the CPR. For various qubit concepts this J 2 is essential, as a superconducting qubit based on J 2 will have an operating point intrinsically stable and protected against the environmental noise, which will reduce decoherence [18] . Whereas it is now well understood that dwave induces formation of ZES states [3] the existence of J 2 has been an intriguing unconfirmed prediction for a long time. Recently, this issue has been addressed [19] for Josephson junctions made between the d-wave YBa 2 Cu 3 O 7-x and the conventional s-wave Nb. There the authors first provided evidence for the formation of ZES and, secondly they searched for the existence of J 2 . If it exists, this second harmonic component is expected [13] [14] [15] [16] [17] 
J 2 is expected [7] [8] [9] [10] [11] In [19] the authors prepared thin film ramp-edge junctions between 170-nm untwinned YBa 2 Cu 3 O 7-x and 150-nm Nb using a 30-nm Au barrier. The use of untwinned YBa 2 Cu 3 O 7-x thin films is especially important because otherwise J 2 may be strongly suppressed due to excessive diffusive scattering at the twin boundaries. Also, J 2 may be averaged out for a badly defined nodal orientation in a twinned film. The junctions are fabricated on the same chip, and the angle θ with the YBa 2 Cu 3 O 7-x crystal b-axis is varied in units of 5 degrees, so that tunnelling can be probed in 360°/5° = 72 different directions in the ab plane (see Fig. 2 ). The growth of untwinned YBa 2 Cu 3 O 7-x films [20] , as well as detailed order parameter issues [21] , and ZES-assisted quasiparticle tunneling [22] in these particular junctions were reported elsewhere. All 72 junctions were 4 µm wide. Quasiparticle conductance spectra G(V) of all 72 junctions were measured for a wide range of temperatures T (4.2-77 K) and magnetic fields B (0-7 T). It was found that all observed features, in particular a well defined zero-bias conductance peak (ZBCP), were consistent with a convolution of density of states with broadened ZES formed at the YBa 2 Cu 3 O 7-x /Au/Nb junction interfaces [19] . Here a summary will be given of some of the most important findings from a qualitative point of view. The authors observed the same qualitative picture independent of the tunneling direction (see Fig. 3 ). At 4.2 K and a small B of 0.01 T, which is large enough to completely suppress the dc Josephson current well-defined Nb coherence peaks and a dip at the center of a broadened zero-bias conductance peak (ZBCP) were observed. As superconductivity is suppressed in Nb, by increasing T from 4.2 K up to slightly below the critical temperature of Nb (T c,Nb ≈ 9.1 K) or B from 0.1 T up to slightly below the second critical field of Nb (B c2,Nb ≈ 1.15 T) the Nb coherence peaks become suppressed and the ZBCP-presence gradually manifests. Close to the critical temperature T c, Nb (see Fig. 3(a) ) or to 0.4 T (see Fig. 3 in Fig. 4(a) ) or even higher in some cases were detected. However, no trace of half-integer Shapiro steps was found in any of the junctions, although particular attention was given to those microwave amplitudes where the integer Shapiro steps or the I c vanishes and consequently the half-integer Shapiro steps are expected to be most pronounced. These observations strongly suggest that J 2 in these junctions is so small (if present at all !) that it cannot be measured. In conclusion J 2 should be completely ignored in Eq.(1) so that the junctions investigated have to be considered as having a pure sinusoidal CPR.
Second critical field of thin film cuprate superconductors
Mapping the magnetic field-temperature (B-T) phase diagram of cuprate superconductors is essential for their understanding. Unlike conventional type-II superconductors where the B-T phase diagram consists of the Meissner phase, the Shubnikov phase and the normal state, the phase diagram of cuprates superconductors is extremely complex, exhibiting a variety of vortex phases [26] and also an intriguing pseudogap region [27, 28] . . However, the various methods applied to determine B c2 often yield inconsistent results; see, e.g., the discussion in [29] . In [34] the authors showed that an analysis of ZES causing a zero bias conductance peak (ZBCP) -see Fig. 5 -in the conductance spectra of cuprate grain boundary junctions (GBJs) yields a new lower bound for B c2 which is at least a factor of 2.5 above previous estimates. ZES result from the constructive interference of Andreev reflected electron-and hole-like quasiparticles [35] . If the quasiparticles experience a sign change of the superconducting order parameter upon reflection, ZES appear at the Fermi energy, giving rise to the ZBCP [36] . A ZBCP caused by ABS relies on the phase coherence of the elementary excitations above the Cooper pairing ground state. It thus should vanish when the phase coherence is lost, i.e., at the transition between the superconducting state and the normal state. Such ZBCPs thus allow us to determine B c2 , or at least to give a reasonable lower bound. Indeed, in [34] it has been shown that in the electron-doped cuprate La 2_x Ce x CuO 4 the superconducting state persists to substantially higher magnetic fields than reported previously. Thus, well defined ZBCP have been observed for B field direction both parallel to the c -axis or perpendicular to it (i.e., parallel to the ab plane) for a wide range of temperatures from 4.2 K close to the transition temperature from the superconducting state to the normal state [37] . Some typical ZBCP measurements are shown in Fig. 5 . The integrated density of states DOS (i.e, the area of the ZBCP) normalized to its value at 0.1 T versus H is shown in the insets of Figs. 5(a) and 5(b). The observed nonlinear dependence strongly suggests that the measured ZBCP is due to the formation of ZES at the junction interface. The ZBCP persists for B fields as high as 16 T [34] . A zero temperature extrapolation suggests that B c2 (at temperature 0 K) is at least 25 T.
Extending superconductivity to such high fields shrinks the region where a pseudogap phase may exist. Such a method allows the investigation of the B-T phase diagram via ZES. It should be applicable to any superconductor where the SOP changes sign (like for d-wave superconductivity), providing an effective additional tool to explore the superconducting state.
